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Abstract
In this study the relation between preoperative fast tumor growth, as estimated by tumor doubling time <

400 days, and Kirsten Rat Sarcoma Virus (KRAS) mutations is investigated in a cohort of clinical stage I lung
adenocarcinoma presenting as solid dominant nodules (consolidation-to-tumor ratio > 0.5). Moreover, in the
patients with pathologic stage I disease, a fast growth in the preoperative period identifies a subgroup of KRAS-
mutated lung adenocarcinomas at higher risk of recurrence.
Introduction: To analyze the impact of Kirsten-Rat-Sarcoma Virus (KRAS) mutations on tumor-growth as estimated
by tumor-doubling-time (TDT) among solid-dominant clinical-stage I lung adenocarcinoma. Moreover, to evaluate the
prognostic role of KRAS mutations, TDT and their combination in completely-resected pathologic-stage I adenocar-
cinomas. Methods: In this single-center retrospective analysis, completely resected clinical-stage I adenocarcino-
mas presenting as solid-dominant nodules (consolidation-to-tumor ratio > 0.5) in at least 2 preoperative computed-
tomography scans were enrolled. Nodules’ growth was scored as fast (TDT < 400 days) or slow (TDT > 400 days).
KRAS-mutated adenocarcinomas were identified with next-generation sequencing. Logistic- and Cox-regressions were
used to identify predictors of fast-growth and disease-free survival (DFS), respectively. Results: Among 151 patients,
83 (55%) had fast-growing nodules and 64 (42.4%) were KRAS-mutated. Fast-growing nodules outnumbered in the
KRAS-mutated group (n = 45; 70.3%), median TDT 95-days (interquartile range, IQR 43.5-151.5) compared to the
KRAS wild-type group (38, 43.7%), median TDT 138-days (IQR 70.3-278.5). KRAS-mutations predicted faster-growth
at multivariable analysis (P = .009). In a subgroup analysis including 108 pathologic-stage I adenocarcinomas, neither
KRAS-mutations (P = .081) nor fast-growing pattern (P = .146) affected DFS. Nevertheless, the association of KRAS-
mutations and fast-growing pattern identified a subgroup of patients with worse DFS (P = .02). The combination of
fast-growing and KRAS-mutations (hazard-ratio 2.97 [95%CI 1.22-7.25]; P = .017) and average nodule diameter at
diagnosis (hazard-ratio 1.08 [95%CI 1.03-1.14]; P = .004) were independent predictors of worse DFS. Conclusion:
KRAS mutations are associated to faster growth, in clinical-stage I adenocarcinoma presenting at diagnosis as solid-
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dominant nodules undergoing complete resection. Moreover, faster-growth identifies a subgroup of pathologic-stage I
KRAS-mutated adenocarcinomas with higher recurrences.

Clinical Lung Cancer, Vol. 26, No. 3, 210–220 © 2025 Elsevier Inc. All rights are reserved, including those for text and
data mining, AI training, and similar technologies.
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Introduction
Non–Small Cell Lung Cancer is the most common cause of

cancer related death world-wide, and adenocarcinoma accounts for
nearly half of these tumors.1 Despite curative intended surgical
resection, patients with stage I disease still present a 35% risk
of recurrence within 5-year from treatment.2 These unsatisfactory
results may describe a subgroup of patients where stage is an impre-
cise survival predictor. Thus, several study groups have focused on
clinical and radiological factors, that could help stratify early-stage
lung adenocarcinoma risk of recurrence.3,4

In solid-dominant nodules, tumor doubling time (TDT) as
estimated by repeated computed tomography (CT) scans has been
so far used as a marker of local invasiveness and tumor aggressive-
ness.5,6 Among these nodules, TDT estimation led to a remark-
ably heterogeneous growing pattern where either indolent or fast-
growing nodules coexist regardless dimension and morphology.7

As a faster growth may outline a more aggressive tumoral behav-
ior, the adverse prognosis of fast-growing nodules seems to be
obvious. However, reasons underneath a more rapid growth are
poorly understood limiting the prognostic role of TDT in the
clinical practice.8 Various reports tried to investigate the relation
between TDT and solid dominant nodules growth in early-stage
lung cancer.9-11

The Kirsten rat sarcoma virus (KRAS) mutations can be identified
in nearly one third of lung adenocarcinomas.12-14 In the early stages,
the role of KRAS mutations is poorly characterized, even though a
growing amount of evidence suggests an association between KRAS
mutations and a worse prognosis.15,16 Particularly, KRAS mutations
have been associated with early relapse after lobectomy for stage I
Table 1 Inclusion and Exclusion Criteria

Inclusion criteria
Informed consent for any surgical procedure
Age > 18 years
Preoperative CT and PET evaluation
At least 2 CT evaluations > 30 days apart during preoperative follow-up
Pulmonary solid dominant (CTR ≥ 0.5) nodule maximal diameter shorter than 30 mm a
Lobectomy and systematic lymphadenectomy (at least 10 lymph nodes harvested in at le
Pathologically proven lung adenocarcinoma
NGS evaluation
Exclusion criteria
Age < 18 years
Pregnancy
Psychiatric disease
Other than lung adenocarcinoma at pathology
Clinical evidence of nodal or distant metastases
adenocarcinoma and worse overall survival compared to KRAS wild-
type adenocarcinomas.17,18

It can be speculated that the higher biological aggressiveness of
KRAS mutated lung adenocarcinoma may impact TDT. Addition-
ally, the prognostic effect of KRAS mutations seems to be mostly
reliable on tumoral microenvironment and other unknown factors
that are hardly available in clinical practice. A shorter TDT may
easily characterize a subgroup of KRAS mutated adenocarcinomas at
higher risk of recurrence. These patients may benefit of additional
therapies in the adjuvant setting especially considering the improved
response to immunotherapy of KRAS mutated adenocarcinomas.19

In this study, we speculated that patients with stage I solid
dominant lung adenocarcinoma harboring KRAS mutations may
have a preoperative faster growth compared to KRAS wild-type
patients. Lastly, we performed an exploratory survival analysis as
we ventured that KRAS mutational status as well as growth pattern
might identify a subgroup of patients with worse prognosis. We
tested this hypothesis in a single center retrospective analysis.

Materials and Methods
The study was designed as a single center, retrospective analy-

sis of completely resected stage I lung adenocarcinomas presenting
as solid dominant nodules (Consolidation to Tumor ratio, CTR >

0.5). Solid dominant status was ascertained by evaluating 2 different
CT scans taken with interscan interval longer than 30 days during
preoperative work up. Data of the patient operated on in the period
between July 2016 and March 2023 were retrieved. Inclusion and
exclusion criteria are detailed in Table 1. The study was performed
in accordance with the Declaration of Helsinki and was approved
t diagnosis (stage IA)
ast 1 N1 and 3 N2 nodal stations)
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Figure 1 STROBE flow-chart of the patients included in the study.
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by the ethics committee of the IRCCS National Cancer Institute
Regina Elena (Ethics committee approval number: Approval Code:
1465/21 Approval Date: February 23, 2021). This manuscript was
written according to the STrengthening the Reporting of Obser-
vational studies in Epidemiology (STROBE). The STROBE flow-
chart is available as Figure 1.

Clinical, radiological, and pathological data of the eligible
patients were collected in a database with previously chosen entries.
The pathological stage was evaluated according to the 8th Edition of
the tumor node metastases (TNM) staging system for lung cancer.20

Next Generation Sequencing (NGS) as well as immunohistochem-
istry and fluorescence in situ hybridization results were retrieved by
molecular biology and pathological reports.

All patients underwent the same preoperative evaluation includ-
ing head, chest, and complete abdomen CT scan with and without
contrast and F18-fluorodeoxyglucose positron emission tomogra-
phy/CT (FDG-PET/CT). Brain magnetic resonance imaging was
performed in selected cases only. Preoperative minimally invasive
mediastinal staging, including endobronchial ultrasound-guided
transbronchial needle aspiration or endoscopic ultrasound-guided
fine-needle aspiration, was conducted in case of PET/CT positive
lymph nodes, central tumors, or PET/CT negative lymph nodes
with a short axis greater than 10 mm.

All the patients underwent lobectomy and systematic
lymphadenectomy. Lymphadenectomy included at least 3
mediastinal and 3 hilar nodal stations were explored according
to guidelines.21,22 Postoperative follow up was carried out every
3 to 6 months for the first 2 years and annually thereafter by
the Medical Oncology Unit until death or the end of the study.
Follow up included routine physical examination, blood tests,
Clinical Lung Cancer May 2025
ultrasound, and total body CT scans. Skeleton scan, PET-CT
or cranial Magnetic Resonance were performed in the case of
symptoms or suspected findings during routine follow up. Data
about the survival status and the event of recurrence were retrieved
by oncological, radiological, and pathological reports as available or
as obtained by phone call. Before each procedure, all the patients
were extensively informed and written informed consent was
retrieved.

Objectives of the study was to evaluate whether KRAS mutations
in solid dominant early-stage lung adenocarcinoma may influence
preoperative growth estimated by TDT. Moreover, we exploratively
evaluated the impact of KRAS mutations and growth pattern on
disease free survival of a subset of pathologically proven stage I
adenocarcinomas patients after radical operation.

Imaging Assessment
Nodule morphology was assessed by timed CT scan. Diameter

was calculated according to guidelines,23 as the average of long
and short-axis diameter approximated to the nearest millimeter.
Tumor and consolidation average diameters were assessed in the
CT parenchymal window. Values were estimated from any CT scans
performed during preoperative work up by 3 investigators including
2 thoracic surgeons (RT and FTG) and an experienced radiologist
(MC). Nodule localization was reported as peripheral, for those sited
in outer third of the lung, or central for the others, respectively.

TDT calculation was consistent with the British Thoracic
Surgery Guidelines24 with a TDT calculator available online
at the site https://www.brit-thoracic.org.uk/quality-improvement/
guidelines/pulmonary-nodules/pn-risk-calculator/. Diameter was
used to estimate TDT.

https://www.brit-thoracic.org.uk/quality-improvement/guidelines/pulmonary-nodules/pn-risk-calculator/
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Nodules with a TDT shorter than 400 days were defined as fast-
growing, while patients whom nodule had a TDT longer than 400
day or without evidence of growth during the follow up period were
deemed as slow-growing. The 400 days cut-off was chosen as consid-
ered an optimal cutoff to time to identify malignant lesions.6-8,25

In solid dominant nodules with a ground glass peripheral halo, the
greatest increment in both tumor and consolidation average diame-
ter was measured and considered for TDT estimation.

Pathological and Molecular Characterization
After surgery, all formalin-fixed paraffin-embedded tissue sections

were reviewed by pathologists for histopathological confirmation
and tumor content assessment. Predominant invasive lung adeno-
carcinoma histologic subtypes were classified as either lepidic, acinar,
papillary, micropapillary, or solid. All samples were analyzed by
immunohistochemical method and by NGS analysis using the
Oncomine Focus Assay (Thermo Fisher Scientific, Inc.) for the most
common and clinically relevant mutations. Programmed death-
ligand 1 (PD-L1) expression level was also estimated. Among KRAS
mutated adenocarcinomas, the most common KRAS oncogene
substitutions were retrieved. Particularly, mutant KRAS-Gly12Cys
(G12C), KRAS-Gly12Val (G12V), KRAS-Gly12Asp (G12D) and
KRAS-Gly12Ala (G12A) were listed separately while less frequent
oncogene substitutions were listed as KRAS-other.

Statistical Analysis
Statistical analysis was achieved with the assistance of an experi-

enced biostatistician. The analysis was performed with SPSS 29
(IBM SPSS Statistics, IBM Corporation, Chicago, IL, USA) and
R-4.4.0 software for windows.

Data were stored in an excel file with previously decided entries
including age at diagnosis, gender, smoke habit, previous oncologic
diseases, nodule feature and preoperative growth. From pathological
reports, histologic subtype, pathological stage, number of resected
nodes for each hilar and mediastinal dissected station, number of
metastatic nodes for each hilar and mediastinal dissected station as
well as tumor grading were collected.

Descriptive statistics were expressed as median and interquar-
tile range. Fast- versus slow-growing groups were compared using
Mann–Whitney U-test for continuous variables and Pearson’s χ2

test with Yates’ continuity correction factor for categorical data.
Consistency and reliability assessments of interobserver measure-
ments were conducted with Cronbach’s Alpha.

Disease free survival was measured from the date of the surgery
until the first event or the last follow up visit available. Disease
free survival curve was estimated by the Kaplan Meier method and
differences in variables were determined using the Log-rank test.
The log-rank test was used to assess differences between subgroups.
Significance was defined at the P < .05 level. Univariable and multi-
variable logistic regression model was performed to detect signif-
icant predictors of fast-growing. Variables included in the logis-
tic regression were sex, age at diagnosis, smoking status, previ-
ous history of cancer, PET positivity (Standardize Uptake Value
or SUV max > 2.5), diameter at diagnosis, laterality, upper lobe
involvement, nodule morphology, KRAS mutational status. Univari-
able Cox proportional hazard model for disease free survival was
performed. A multivariable Cox proportional hazard model for
disease free survival was also developed using stepwise regression
(forward selection) with predictive variables which were significant
in the univariable analyses (P < .05). Enter limit and remove limit
were P = .10 and P = .15 respectively.

Results
In the study period 1101 patients underwent surgical resection for

suspected early-stage lung cancer. Of those, data of 383 patients with
clinical stage I adenocarcinomas undergoing lobectomy and radical
lymphadenectomy were retrieved. Comprehensively, 146 under-
went surgical resection without preoperative nodule follow up avail-
able for analysis, 86 patients had ground-glass dominant nodules
(CTR below 0.50). Patient selection process is pictorially presented
in Figure 1.

Baseline characteristics of 151 patients with resected stage I lung
adenocarcinoma presenting at diagnosis as solid dominant nodules
have been retrieved and presented in Table 2. At diagnosis, 107
(70.9%) patients had pure-solid nodules (CTR = 1). Median preop-
erative follow up duration was 3 months (IQR 2-8 months).

Among the 151 enrolled patients, 83 (55%) had fast- and 68
(45%) slow-growing nodules. KRAS status was assessed as wild-type
in 87 (57.6%) and mutated in 64 (42.4%). Among the nodules
that grew during preoperative follow up, median growth was 4 mm
(IQR 3-9 mm) with a median 25% (IQR 16.2-61.2) of incre-
ment compared to diameter at diagnosis. In summary, 67 (44.4%)
patients had solid or micropapillary histological subtypes 40.4 of the
patients had pathologically proven visceral pleura invasion and 41.1
had PD-L1 overexpression.

Clinical, radiological, and pathological characteristics of the
overall population and of the nodules with fast- and slow-growing
are presented in Table 2.

Overall interobserver agreement was 0.997 for average tumor
diameter at diagnosis (observer 1 vs. 2, 0.993; 1 vs. 3, 0.994; 2 vs.
3, 0.987) and 0.998 for average tumor diameter at the last CT scan
(observer 1 vs. 2, 0.994; 1 vs. 3, 0.994; 2 vs. 3, 0.991). No differ-
ences among the 3 observers were found in the allocation of the
patients in the fast- and slow-growing groups.

Distribution of the main KRAS oncogene substitutions is
presented in Table 3.

Fast-growing nodules were significantly more frequent in the
KRAS-mutated group (n = 45; 70.3%) with a median TDT of 95
days (IQR 43.5-151.5) compared to the KRAS wild-type group (38
patients, 43.7%) with a median TDT of 138 days (IQR 70.3-278.5)
(Figure 2A and B, respectively).

Fast-Growing Predictors Analysis
Logistic binary regression was used to identify the best

fast-growing predictors. At univariable analysis, PET positivity
(SUVmax > 2.5) (odd ratio (OR) 3.23 [95% CI 1.46-7.15];
P = .004), and KRAS mutations (OR 3.05 [95% CI 1.54-6.05];
P = .001) were identified as the only factors predicting a fast-
growing. PET positivity (OR 2.75 [95% CI 1.22-6.24]; P = .015)
and KRAS mutations (OR 2.63 [95% CI 1.28-5.43]; P = .009)
were independent predictors of fast-growing on multivariable analy-
sis (Figure 3A and B).
Clinical Lung Cancer May 2025 213
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Table 2 Demographic, Clinical, and Pathological Characteristics of the Included Patients. Median and Interquartile Range is
Presented for Continuous Variables

Overall
(n = 151)

TDT < 400 d
(n = 83)

TDT > 400 d
(n = 68)

Age > 65 years, n (%) 99 (66) 52 (63) 47 (69)
Male sex, n (%) 77 (51) 45 (54) 32 (47)
Actual smokers, n (%) 91 (60.3) 48 (57.8) 43 (63.2)
Previous history of cancer, n (%) 66 (43.7) 37 (44.6) 29 (42.6)
Tumor average diameter at diagnosis (mm), median (IQR) 16 (10.5-21) 14 (9-21) 17 (13-10.3)
Peripherally located, n (%) 125 (82.8) 73 (88) 52 (76.5)
Right-sided nodules, n (%) 88 (58.3) 50 (60.2) 38 (55.9)
Pure-solid nodule, n (%) 107 (70.9) 60 (72.3) 47 (69.1)
Radiological follow up duration (months), median (IQR) 4 (2-8) 3 (2-8.5) 4 (2-8)
PET positive 102 (67.5) 62 (74.7) 40 (58.8)
Solid or micropapillary subtype, n (%) 67 (44.4) 44 (53) 23 (33.8)
Grading G3, n (%) 76 (50.3) 46 (55.4) 30 (44.1)
Visceral Pleura Invasion, n (%) 61 (40.4) 39 (45) 22 (32.4)
Satellite nodules, n (%) 15 (9.9) 9 (10.8) 6 (8.8)
Pathologic stage I, n (%) 108(71.5) 55(66.3) 53(77.9)
Number of harvested nodes, median (IQR) 15 (2-19) 15 (8.5-19) 15 (11-20)
Number of harvested nodal stations, median (IQR) 5 (4-6) 5 (4-6) 5 (4-6)
Nodal upstaging, n (%) 38 (25.2) 22 (26.5) 16 (23.5)
KRAS mutated nodules, n (%) 64 (42.4) 45 (54.2) 19 (27.9)
PD-L1 expression level, n (%)

< 1% 82 (54.3) 44 (53) 38 (55.9)
≥ 1% 62 (41.1) 37 (44.6) 25 (36.8)
1%-49% 42 (27.8) 25 (30.1) 17 (25)
≥ 50% 20 (13.3) 12 (14.5) 8 (11.8)
NA 7 (4.6) 2 (2.4) 5 (7.3)

KRAS = Kirsten Rat Sarcoma Virus; PET = positron Emission Tomography. Statistical analysis has been performed with nonparametric tests for continuous variables and Chi-square test with Yates
correction for categorical variables (significance P < .05).

Table 3 KRAS OncogH. ene Substitution Distribution and KRAS Co-Mutations in Fast and Slow Growing Nodules

KRAS Oncogene Substitutions, n (%) TDT < 400 d (n = 45) TDT > 400 d (n = 19)
KRAS G12C 22 (48.9) 8 (42.1)
KRAS G12V 7 (15.6) 1 (5.3)
KRAS G12A 4 (8.9) 0 (0)
KRAS G12D 4 (8.9) 6 (31.6)
KRAS other∗ 8 (17.7) 4 (21)
KRAS co-mutated∗∗ 12 (26.7) 3 (15.8)

∗ KRAS other includes: KRAS G13C, KRAS Q61L, KRAS G61H, KRAS G12F, KRAS A146T, KRAS G12S.
∗∗ KRAS co-mutations included: TP53, PIK3CA, MET, STK11, FGFR3.
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Exploratory Analysis of KRAS Mutations and
Fast-Growing Effect on Disease-Free Survival

Additionally, we exploratively analyzed the impact of KRAS
mutations and fast-growing pattern on disease free survival in
radically operated patients with pathologically proven stage I.
Comprehensively, 108 patients had pathologically proven stage I
adenocarcinomas. Patient selection is outlined in Figure 1. Upstag-
ing was observed in 43 (28.5%) patients due to nodal upstag-
ing or pathological finding of incidental intralobar metastases.
Clinical Lung Cancer May 2025
During follow up, 22 (20.4%) of the patients had a recur-
rence. Median oncological follow up was 26 (IQR 12-49.3)
months.

Neither KRAS mutated status (59.1% vs. 72.4%; P = .081)
(Figure 4a) nor fast-growing pattern (62.9% vs. 70.7%; P = .146)
(Figure 4b) significantly influenced disease free survival rate at
3 years. Nevertheless, we continued to investigate the prognostic
impact of these 2 factors using different combinations. Patients with
fast-growing nodules harboring KRAS mutations presented a signif-
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Figure 2 KRAS mutation relationship with growth in solid dominant early-stage lung adenocarcinoma. (A) Comparison of the
patients with no evidence of growth during the preoperative follow up. (B) Comparison of tumor doubling time.
KRAS = Kirsten rat sarcoma virus.
Statistical analysis has been performed Mann–Whitney U-test for continuous variables and Fisher exact test for
categorical variables. Significance level P < .05.

Figure 3 Binary logistic regression for fast growth. (A) Univariable analysis. (B) Multivariable analysis.
icantly lower 3-year disease free survival than any slow-growing
patients (45.7% vs. 70.7%; P = .02). Again, the same subgroup
of patients showed a significantly lower 3-year disease-free interval
compared to fast-growing patients without KRAS mutations (45.7%
vs. 93.8%; P = .02). Finally, no differences in disease free survival
were found between fast growing KRAS wild-type adenocarcinomas
and slow growing adenocarcinomas (P = .75). Results are shown in
Figure 4C.

According to these results we performed Cox Regression analy-
sis for univariable and multivariable analysis including as separate
Clinical Lung Cancer May 2025 215
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Figure 4 Kaplan Meier curves for disease-free survival. (A) According to KRAS mutational status; (B) according to growing rate
(fast vs. slow growing); (C) according to KRAS mutational status and growing pattern.
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subgroup the group with KRAS mutated and fast-growing pattern.
In the multivariable analysis, fast-growing KRAS mutated nodules
(HR 2.97 [95% CI 1.22-7.25]; P = .02) and larger average
diameter at diagnosis (HR 1.08 [95% CI 1.03-1.14]; P = .004)
were predictors of lower disease-free survival at 3 years (Figure 5A
and B).

To exploratively evaluate the impact of more aggressive KRAS
oncogene substitutions, we analyzed the impact of growing pattern
in the KRAS G12C adenocarcinomas subgroup. Results of this sub
analysis resemble those of the entire KRAS mutated populations and
are presented in Supplemental Figure 1.

Discussion
Molecular subtyping has radically redrawn the landscape of lung

cancer particularly in adenocarcinomas.13 Identification of the main
adenocarcinoma driver mutations has improved our knowledge on
lung cancer biology, prognosis, and treatment. Activating KRAS
mutations have emerged as a driver in lung cancer tumorigene-
sis with an overall detrimental prognostic effect.12 Nevertheless,
KRAS mutations effect on prognosis seems to be highly dependent
either on oncogene substitutions in the amino acids sequence that
lock KRAS protein in the activating state and on poorly charac-
terized microenvironmental factors.26,27 These heterogeneous and
complex biological pathways resulting from KRAS mutations in lung
Clinical Lung Cancer May 2025
adenocarcinoma led to an ambiguous prognostic effect of KRAS
mutations in early-stage lung adenocarcinomas. As overall KRAS
mutations seem to induce a more aggressive biological behavior
in lung adenocarcinoma, we speculated that KRAS mutations can
be associated to a faster growth as estimated by shorter TDT. We
further reasoned that TDT could help predict those patients harbor-
ing KRAS mutations with the worst prognosis.

To test this hypothesis, we first evaluated the impact of KRAS
mutations on preoperative growing pattern estimated by TDT.
Then, we explored the effect of KRAS mutational status and growing
pattern on disease-free survival in a selected population of patholog-
ically proves stage I adenocarcinomas undergoing lobectomy.

To the best of our knowledge, this is the first study inves-
tigating KRAS mutations impact on pulmonary nodules growth
accurately measured with widely available preoperative tools. Our
results suggest that KRAS mutated clinically stage I solid dominant
lung adenocarcinomas show a faster growing pattern compared to
KRAS wild type adenocarcinomas. In other words, estimated TDT
in patients presenting with KRAS mutated adenocarcinoma was
shorter than in nonmutated ones. Accordingly, KRAS mutations
were found in more than half of the patients with shorter TDT,
while only one fourth of the adenocarcinomas harboring KRAS
mutations presented a slow- or no-growing pattern. These specu-
lations were also corroborated at multivariable analysis.
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Figure 5 Cox regression analysis for disease free survival. (A) Univariable analysis; (B) multivariable analysis.
Even though the relation between KRAS mutations and nodules
growth has never been investigated, previous studies explored the
correlation between TDT and lung adenocarcinoma pathological or
biological characteristics. Particularly, Parks and colleagues showed
that faster TDT was associated to solid or micropapillary histo-
logical subtype in pure solid adenocarcinoma. However, no differ-
ences in TDT among histological subtypes were found in subsolid
nodules.11 In our population, even if solid or micropapillary histo-
logical subtypes seem to be slightly more frequently found in the
fast-growing group, histological subtype failed to predict tumor
growth pattern in univariable analysis. This may be the consequence
of our decision to enroll solid dominant nodules including both
pure-solid nodules and partially solid nodules with CTR higher than
0.5.28 Indeed, in the partially solid nodules, the presence of a minor
ground-glass component may have impaired the prognostic effect of
the predominant solid or micropapillary histological subtype.

EGFR has already been associated with longer TDT and to a more
indolent growth pattern.29 In our analysis, EGFR mutations were
found in 24 out 151 patients enrolled in the study. To avoid the risk
of bias due to the limited sample size, only KRAS mutations were
evaluated as they were mostly represented. Further studies will be
necessary to evaluate the role of the most common adenocarcinoma
driver mutations on TDT.

Activating KRAS mutations are often considered as a whole
family of somatic mutations in lung cancer with overall higher
aggressiveness and poor prognosis [13.14,16]. However, biologi-
cal behavior, downstream signaling dependencies and prognosis of
these mutations is highly dependent on oncogene substitutions
and microenvironment influences.26,27 Moreover, co-occurring
mutations, even if rare, may further affect KRAS mutated lung
adenocarcinoma clinical behavior. Overall, the complex interplay of
these co-occurrent factors can be hardly studied in clinical practice
limiting our ability to correctly predict the prognosis of KRAS
mutated lung adenocarcinomas.

In our analysis, despite the proved association between KRAS
mutations and shorter estimated TDT, still 25% of the KRAS
mutated adenocarcinomas had no evidence of growth during preop-
erative follow up. This finding may support the existence of at
least 2 subgroups of KRAS-mutated adenocarcinomas with differ-
ent biological aggressivity. Thus, we argued that the identifica-
tion of a fast-growing pattern, as estimated by shorter TDT, could
help to easily identify KRAS mutated adenocarcinoma with worse
prognosis. Interestingly, previously described prognostic factors in
KRAS-mutated adenocarcinoma including G12C, C12V and G12A
oncogenic substitutions and co-mutations or PD-L1 hyper-expression
were slightly more frequently observed among those KRAS-mutated
lung adenocarcinomas presenting with a TDT shorter than 400
days.15-18,30 Taken together, these findings strengthen the ability of
TDT to identify KRAS-mutated adenocarcinoma with more aggres-
sive clinical behavior.

Thus, pure and combined effects of KRAS mutations and growing
pattern on prognosis were exploratively evaluated by disease free
Clinical Lung Cancer May 2025 217
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survival at 3 years in a homogeneous population at pathological
stage I. Firstly, we analyzed KRAS mutational status and fast-growing
pattern as independent variables (Figure 4A and B). Our findings
suggest that neither KRAS mutations nor fast-growing pattern were
able to predict prognosis. Thus, we selected a specific subgroup of
patients with KRAS mutations and fast-growing patterns, compar-
ing them to fast-growing adenocarcinomas without KRAS mutations
and slow growing adenocarcinomas regardless KRAS mutational
status.

As expected, patients with KRAS-mutated adenocarcinomas and
fast-growing patterns had significantly lower disease-free survival
rate (Figure 4C). On the opposite side, patients with only fast-
growing pattern but without KRAS mutations had a similar survival
rate to slow-growing adenocarcinoma. This result suggests that
TDT itself is an inefficient prognostic factor in lung cancer.
Conversely, the subgroup of patients with both KRAS mutations and
fast-growing adenocarcinoma identifies a population at high-risk
for recurrence despite curative intended surgical resection. Further-
more, although KRAS mutations have generally a negative effect on
prognosis, we can still extrapolate a cohort of KRAS mutated adeno-
carcinoma with slow-growing pattern and less aggressive disease. As
it is shown in the supplementary materials, these results may be
replicated in the KRAS G12C population, but larger populations
are necessary to confirm this trend. Recent clinical trials demon-
strated a significant improvement in KRAS G12C lung adenocarci-
noma survival following specific targeted therapies in the metastatic
setting. Whether confirmed, our results may be particularly relevant
to guide treatment toward KRAS G12C lung adenocarcinoma even
in the early stages identifying those patients at higher risk of recur-
rence.31

Overall, these results may suggest that in a certain type of lung
adenocarcinoma with fast-growing pattern, complete surgical resec-
tion and systematic lymphadenectomy help to minimize the risk of
recurrence. On the contrary, KRAS mutations associated with a fast-
growing pattern may present a metastatic behavior able to frustrate
a complete surgical resection in a relatively short time set.

Molecular characterization is a matter of debate in early-stage
lung cancer as limited evidence supports the need of adjuvant
treatment following curative intended resection.32 Activating KRAS
mutations are a heterogeneous, yet frequent group of somatic
mutations correlated to an increased risk of recurrence. We have
presently evidenced that at least in a subgroup of KRAS mutated
patients, recurrences are more likely to happen. This tendency to an
early metastatic spread may justify the interest in adjuvant therapeu-
tic strategies evaluation in these patients. Whilst a previous analysis
has shown that adjuvant chemotherapy brings no to limited survival
benefit in KRAS-mutated adenocarcinomas,33 recent studies suggest
that KRAS mutations have higher response rate to check point
inhibitor triggering the interest on perioperative treatment.19,34

According to our findings, the association of KRAS mutation and
fast growth may help identify patients that may benefit from treat-
ment even in stage I. Further studies will be necessary to evaluate
the predictive role of treatment response of TDT in KRAS-mutated
adenocarcinomas.

This study has several limitations. First, the retrospective nature
of the study forced us to adopt for TDT the diameter doubling
Clinical Lung Cancer May 2025
time rather than volume doubling time that proved more reliable.
However, it is our opinion that the adoption of volume would not
have change the core finding of our study. Second, the limited
sample size is another limitation of the study. Nonetheless, the
apparently limited sample size is the result of strict patient selection
that may have mitigated bias. Third, we did not extend the inves-
tigation to frequent mutations other than KRAS in lung adenocar-
cinoma such as EGFR or other. The paucity of patients harboring
other mutations did not allow to generalize the finding achieved
exposing the study to an unacceptable risk of bias. However, other
studies have previously investigated the role of EGFR in lung adeno-
carcinoma growth.29 As well, KRAS specified oncogene substitu-
tions, such as KRAS G12C may partially justify a worse survival
among KRAS mutated adenocarcinomas. However, faster growth
as estimated by shorter TDT can take in account the overall
complexity of the KRAS mutations behavioral spectrum including
more aggressive KRAS oncogene substitutions. Moreover, we have
achieved similar results to those presented in this analysis in the
KRAS G12C subgroup as it is shown in the supplementary materi-
als. Larger studies may be necessary to analyze the impact of TDT
according to KRAS oncogene substitutions. Additionally, some clini-
cal and pathological prognostic factors, such as tumor spreading
through air spaces, could not be included in our analysis as they
were not available for the overall population. Finally, due to the
explorative nature of our prognostic analysis, and due to the limited
sample size, DFS could be only retrieved for 3 years. However, most
of the patients with KRAS mutated adenocarcinomas have recur-
rence within 2 years from resection.35 Thus a 3 year follow up
period may still be reliable to stratify KRAS mutated adenocarci-
nomas according to DFS. Further properly designed studies should
confirm these results.

In conclusion, KRAS mutations showed a strong effect on the
growing pattern of clinical stage I adenocarcinomas presenting at
diagnosis as solid dominant nodules. Particularly, KRAS mutated
adenocarcinomas often present a fast-growing pattern as estimated
by TDT < 400 days compared to KRAS wild type adenocarcinomas.
Finally, the association of fast-growing adenocarcinoma and KRAS
mutations identifies a subgroup of stage I patients at high risk for
recurrence within 3 years from curative intended surgical resection.
We need further studies to confirm and reinforce these findings.

Clinical Practice Points
Tumor doubling time (TDT) is a widely available tool used to
identify malignant nodules in lung cancer screening and to predict
more aggressive histological subtypes and higher recurrence risk in
early-stage lung cancer.
Understanding the relation between clinico-radiological charac-
teristics and frequent driver mutations in early-stage lung adeno-
carcinoma has a key role in prognostic stratification and treatment
allocation.
Our study suggests a strong relation between faster growth,
as estimated by TDT shorter than 400 days, and Kirsten Rat
Sarcoma Virus (KRAS) mutations.
KRAS mutations clinical behavior and prognosis in early-stage
lung adenocarcinoma are heterogenous and vary according to
oncogene substitutions, co-occurring mutations and microen-
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•

vironment characteristics. We speculated that TDT may help
to identify those KRAS-mutated adenocarcinoma with worse
prognosis.
Among pathologic stage I adenocarcinoma, the combination of
short TDT and KRAS-mutations identified a subgroup of patients
with higher risk of recurrence within 3-years from complete resec-
tion.
Early recognition of early-stage lung adenocarcinoma with worse
prognosis may help to identify those patients that may benefit
from stricter follow up or further perioperative treatment.
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